Oscillatory phase has been proposed as key parameter defining the spatiotemporal structure of neural activity. Phase alignment of oscillations by transcranial alternating current stimulation (tACS) may offer a unique opportunity to enhance our understanding of brain rhythms and to alter brain function. However, the precise mechanism and effectiveness of tACS are still critically debated. Here, we investigated the phase-specificity of tACS effects on visually evoked steady state responses (SSR) measured by electroencephalography (EEG). Using an intermittent electrical stimulation protocol, we assessed the influence of tACS on SSR amplitude as a function of phase shift between rhythmic sensory and electrical stimulation in the interval immediately following tACS. Visual flicker was delivered at six different phase angles relative to the tACS cycle. Participants were presented with flicker and high-definition tACS over the occipital cortex at 10 Hz in two sessions using active or sham stimulation. We observed that the phase shift between flicker and tACS modulates evoked SSR amplitudes. The amplitude change over phase shift conditions was significant for both general and sinusoidal modulation measures. Neural sources of phase-specific effects were localized in the parietooccipital cortex within flicker-aligned regions. Importantly, tACS effects were stronger in subjects with lower phase locking between EEG and flicker. Overall, our data provide evidence for phase alignment of brain activity by tACS, since the change in SSR amplitude can only result from phase-specific interactions with the applied electric fields. This finding corroborates the physiological efficacy of tACS and highlights its potential for controlled modulation of brain signals.
Introduction
Oscillations are a prominent feature of activity in neural networks proposed to be of particular importance for neural processing and, by extension, for normal and pathological brain function (1-5). The temporal patterning of neural activity has been related to the functional architecture of the brain and to communication between remote neural populations (2, 3) . Modulation of such cortical activity by means of non-invasive brain stimulation represents a promising approach to advance knowledge on the functional role of brain oscillations and to improve clinical outcomes in disorders related to aberrant neural activity. Specifically, transcranial alternating current stimulation (tACS) is widely applied in basic and clinical science with the aim to entrain neural activity, implying a phase alignment of intrinsic oscillations to the tACS phase via periodic modulation of membrane potentials. This assumption is supported by in vitro slice preparations in rodents and recordings in primates showing phase-specific modulation of neuronal spiking patterns by externally applied electric fields (6) (7) (8) . However, despite its broad use, the neural mechanism of tACS in the human brain is still under research and its efficacy has been strongly challenged during recent years. Measurements of the electric field strength in human cadaver brains and epilepsy patients with implanted electrodes showed that most of the scalp-applied current is attenuated by skin and skull thereby questioning significant neural entrainment (9) (10) (11) . These findings were paralleled by inconsistent and stimulation frequency unspecific behavioral tACS effects (12) (13) (14) . The theoretically ideal approach to directly measure tACS-induced neural phase alignment is complicated by strong, hard-to-predict electrical artifacts in concurrent recordings of neural activity. While the application of routines to remove stimulation artifacts yielded contradictory results regarding the neural entrainment hypothesis (15) (16) (17) , it is still questionable whether artifact removal techniques can reliably separate artifactual from brain activity (18, 19) . To provide evidence for online phase alignment despite these methodological constraints, most studies assessed tACS effects on indirect measures assumed to be mediated by brain oscillations. For instance, tACS applied in the alpha and beta range was shown to lead to cyclic modulation of auditory, somatosensory or visual stimulus perception (20) (21) (22) (23) . Further insight has been provided primarily in the motor domain, by showing tACS-phase-dependent changes in cortical excitability as measured by concurrent motor evoked potentials (24) (25) (26) or tACSinduced enhancement and phase cancellation of peripheral tremor in healthy subjects and patients with Parkinson's disease using closed-loop protocols (27) (28) (29) (30) ). Yet, latest findings by Asamoah et al. (31) revealed that tACS-effects on the motor cortex are dominated by cutaneous stimulation of peripheral nerves in the skin leading to rhythmic activation of the sensorimotor system rather than by transcranial modulation of cortical tissue. Thus, evidence for phasespecific neural effects of tACS in the motor domain might not necessarily be generalizable to transcranial entrainment effects in cortical regions apart from the motor cortex. Moreover, prior conclusions only hold true under the assumption that the chosen outcome measures, e.g. perception or cortical excitability, are reliable proxies for cortical oscillations. Here, we used an innovative approach to directly target the phase-specificity of tACS effects on cortical oscillations via electroencephalography (EEG). To this end, we measured neural tACS effects on precisely controlled neuronal oscillations evoked by visual flicker, i.e. visual evoked steady state responses (SSR). Compared to ongoing or task-related brain oscillations typically targeted in tACS research, flicker stimulation allows to precisely control the oscillatory waveform in the visual cortex. Using an intermittent stimulation protocol, single trials of concurrent 10 Hz flicker and high-definition tACS over the primary visual cortex were applied in two sessions under active and sham tACS. Visual flicker was presented at six different phase angles relative to the tACS cycle. Artifact free epochs in the immediate interval following tACS were used for EEG analysis of SSR amplitude as a function of phase lag between tACS and flicker stimulation (Fig. 1) . To account for overall changes in alpha amplitude over time, SSR amplitude per trial was computed as the difference between amplitude at the stimulation frequency (10 Hz) and the mean amplitude at neighboring frequencies (9 Hz; 11 Hz) using the Fourier Transform of time-domain EEG signals. We predicted that the systematically varied phase shift between flicker and tACS onset modulates the amplitude of evoked SSR.
Results
Flicker-evoked phase alignment in the parieto-occipital cortex. To check for sensory evoked flicker entrainment, we assessed the degree and spatial distribution of phase locking values (PLV) between EEG and 10 Hz flicker stimulation. Estimated time series on source level displayed a prominent peak of parieto-occipital EEG-flicker PLV ( Fig. 2A) . Strong phase locking was located in the middle and superior occipital gyrus as well as in bilateral precuneus and cuneus. For sensor level analysis, four parieto-occipital channels showing mean PLV > 0.5 over all subjects (corresponding to electrodes O1, O2, POz, Pz) were selected for further analysis of SSR amplitude modulation by tACS. Mean PLV for the selected channels during both pre SSR blocks over all subjects was 0.56 ± 0.16 (mean ± sd). Power spectra revealed an amplitude increase at the flicker stimulation frequency compared to resting state (Fig. 2C ). The The occipital electrode montage induced highest current densities over the primary visual cortex and current spread in surrounding areas. Maximum peak-to-peak difference in field strength is about 0.7 V/m. (C) Illustration of one trial of the intermittent tACS protocol. Each trial started with tACS only, followed by flicker onset after 3-5 sec. The flicker continued for 5.5 sec until the end of the trial. tACS free intervals were used for EEG data analysis. (D) To vary the phase lag between activity induced by electrical and sensory rhythmic stimulation, visual flicker started at six different phase lags relative to the tACS cycle. 50 trials per phase angle were presented in randomized order.
strength of PLV between EEG and flicker was positively correlated with the increase in SSR amplitude from resting state to pre SSR blocks (r = .42, p = .04) (Fig. 2D ).
Phase-dependent SSR amplitude modulation by tACS. To test the hypothesis that simultaneous tACS and flicker stimulation lead to phase-specific interactions between evoked neural activity and electric field, we constructed histograms of mean SSR amplitudes over the six phase lag conditions per subject (Fig. 3A) . The degree of tACSphase-dependence of SSR amplitudes was assessed via (1) Kullback-Leibler divergence (DKL), measuring the deviation of amplitude values from a uniform distribution, (2) the locking of amplitude values to phase conditions (amplitude phase locking, APL) and (3) one-cycle sine fit to SSR amplitude values. Thus, while DKL describes a general modulation of SSR amplitudes, APL and sine fit assess systematic, phase dependent modulation patterns (see SI Materials and Methods). Figure 3A shows normalized SSR amplitude histograms over the six phase lag conditions for one exemplary subject. During sham, data are almost uniformly distributed across phase bins, showing small fluctuations in SSR amplitude with no preference for a particular phase lag condition. On the contrary, the histogram for active stimulation shows phase-dependent modulations of SSR amplitudes indicating an interaction between tACS-induced electric field and flicker-evoked oscillatory activity. On sensor level, analysis of the deviation of amplitude values from uniform distribution revealed a significantly greater DKL under tACS compared to sham within the first 1 sec epoch [+0.1 to 1.1 sec] after tACS offset (t = -3.21, p = .004 < abonf) (Fig. 3B) . Phase locking of amplitude values to phase condition measured by APL was significantly larger after tACS (t = -3.12, p = .005 < abonf). In accordance, also the one-cycle sine wave fit to SSR amplitudes showed a significantly greater amplitude of the sine fit under tACS (t = -3.52, p = .002 < abonf) (Fig. 3B) . The proportion of explained variance R 2 by sine fit was greater for SSR amplitude modulation under tACS compared to sham (t = -2.65, p = .01). In successive time windows [+0.6 to +1.6 sec; +1.1 to +2.1 sec], the modulatory tACS effect decayed for all three modulation parameters (p > abonf; Fig. S1 ). Importantly, the phase-dependent effects of tACS on SSR amplitude were not caused by overall 10 Hz alpha amplitude differences between conditions (Fig. 3C) . A repeated-measures t-test revealed no significant difference in mean SSR amplitude (t = 1.02, p = .32) over all trials per subject between tACS and sham condition during the first 1 sec interval after tACS offset (Fig. 3D) . Also, the standard deviation of SSR amplitude values over all trials per subject did not differ between sham and active stimulation condition (t = .31, p = .76). This implies a strengthening or dampening of SSR amplitudes dependent on the phase lag between flicker and tACS stimulation. To further assess the pattern of SSR amplitude modulation by tACS, we computed Pearson correlation coefficients of DKL with APL and sine fit, respectively (Fig. 3E) . Correlation analyses revealed no systematic relation between modulation indices under sham (DKL and APL r = .39, p = .06; DKL and sine fit amplitude r = .38, p = .07) indicating non-systematic deviations of amplitude values from uniform distribution. Under tACS, DKL and APL (r = .85, p < .001) as well as DKL and sine fit amplitude (r = .84, p < .001) were highly positively correlated. Thus, with stronger tACS-induced deviations from uniform distribution, amplitude values increasingly followed a non-random, phase-dependent modulation pattern.
Spatial localization and state dependency of tACS effects. The spatial specificity of tACS effects was analyzed in source space for the APL modulation parameter. Compared to DKL, APL is a more specific index assuming systematic amplitude modulations by tACS. Moreover, its computation is more stable compared to sine fit as no assumptions about parameter ranges are required. Cluster analysis in source space showed significantly increased APL values during active tACS relative to sham in a cluster over the parieto-occipital cortex (cluster test: p = .006) (Fig. 4A ). Significant differences were located primarily in the bilateral precuneus, superior parietal gyrus and midcingulate area as well as the cuneus and calcarine sulcus. These areas are located within flicker-activated brain regions ( Fig. 2A) . On sensor level, the increase in APL from sham to tACS could not be explained by a concurrent increase in mean SSR amplitude (r = -.22, p = .31) or standard deviation of SSR amplitude values (r = -.13, p = .56) over all Under tACS, the stronger data deviate from uniform distribution measured by DKL, the more they follow a systematic modulation pattern (right). The solid line depicts the correlation between DKL and APL, the dashed line displays the correlation between DKL and sine fit amplitude. ** p < .01; *** p < .001. trials per subject, thereby supporting the causal influence of the experimental manipulation of tACS-flicker phase lag (Fig.  4C) . Importantly, we observed a negative correlation between SSR amplitude modulation quantified by APL and individual EEG-flicker PLV during the active tACS session on sensor level (r = -.65, p < .001). Subjects with lower PLV of SSR to flicker waveform showed greater APL under tACS (Fig. 4B ). This relation was non-significant during the sham session (r = -.38, p = .07). Our results thus emphasize the impact of the current brain state for the detection of neural tACS effects.
Discussion
Effects of tACS on oscillatory brain activity in humans are subject to ongoing debate. Here, we provide direct electrophysiological evidence for a phase-specific modulation of cortical oscillatory activity by tACS. The dependence of tACS effects on visually evoked SSR amplitude on the relative shift between sensory and electrical stimulation implies that tACS has an impact on the phase of neuronal oscillations. Importantly, we demonstrate a modulation of SSR amplitude for general as well as for cyclic, sinusoidal modulation measures. Source analysis locates effects within the parieto-occipital cortex and thus within flicker-aligned areas that were targeted by tACS. These results demonstrate the efficacy of tACS in modulating neuronal phase and thereby make an important contribution in the ongoing critical debate on tACS effects in humans. The intermittent stimulation protocol and high-definition tACS montage chosen in the present study were effective in inducing neural aftereffects by short stimulation epochs of 6-8 sec. The modulatory effect on SSR amplitude was present during the first 1 sec interval after tACS offset and was robust under three distinct modulation measures. However, phase-specific tACS effects already decayed after the first 1 sec time epoch. While lasting power enhancement after prolonged alpha tACS for up to 70 min has been repeatedly shown and ascribed to synaptic plasticity mechanisms (32) (33) (34) (35) , evidence for outlasting effects on phase synchronization is still sparse. Assuming online phase alignment of neural activity by tACS, Stonkus et al. (36) hypothesized that oscillatory entrainment echoes can outlast the stimulation period for a few cycles (36, 37) . Accordingly, online entrainment by tACS might lead to post stimulation EEG activity phase locked to tACS offset. Using an intermittent tACS protocol with tACS epochs of 3 or 8 sec length, Vossen et al. (35) demonstrated a general pre to post power increase at the stimulation frequency but no single trial prolonged phase locking of the EEG to the previous tACS signal. An important difference in the experimental setups between the study by Vossen et al. (35) and our study is the combination of tACS with ongoing versus stimulus-evoked rhythmic brain activity. While tACS phase effects might not be detectable via PLV in ongoing brain activity, flicker-induced brain rhythms can increase the signal-to-noise ratio and might thereby enhance the detectability of tACS effects. Hypothesizing online phase alignment and outlasting entrainment echoes to underlie our phase-dependent tACS effects on SSR amplitude, one can speculate that the modulatory effect might even have been stronger during tACS application. Compared to ongoing or task-related brain oscillations typically targeted and taken as dependent variables in tACS research, SSR allow to precisely set the oscillatory waveform in the visual cortex. SSR are recordable in the visual pathway at the flickering frequency with an amplitude maximum over the parieto-occipital cortex (38, 39) . It is still debated whether SSR describe a rhythmic repetition of evoked neural responses that add to ongoing brain activity or whether they actually reflect entrained intrinsic oscillations (40, 41) . However, independent of their exact physiological origin, SSR can be treated as stimulus-driven oscillations with predictable time course, which enables an ideal combination with rhythmic electrical stimulation by tACS. According to the above-mentioned neural phenomena underlying SSR, the SSR amplitude modulation in our study could be explained by distinct neural mechanisms. On the one hand, tACS might be capable to phase-align intrinsic alpha oscillators and thereby induce additional synchronized oscillatory patterns that are phase-shifted relative to flickerdriven rhythmic activity. On the other hand, membrane potentials of neural populations driven by visual flicker could be concurrently influenced by electrical stimulation, thereby boosting or dampening neural reactivity to flicker stimuli. Either way, our study results point to a phasespecific modulation of neural activity by tACS. A critical methodological aspect in combining tACS with SSR is the relative phase lag between the stimulation waveforms of both methods. While tACS is assumed to affect neural activity with near zero phase lag, flicker stimulation will inevitably lead to a phase lag in the recordable SSR due to synaptic conduction delays of the visual system. Therefore, the optimal phase lag leading to an enhancement of SSR amplitude may vary across subjects. This is in line with a recent study by Ruhnau et al. (42) showing that simultaneously started matched frequency tACS and flicker stimulation did not lead to tACS-induced power increase of the fundamental SSR component. Thus, in order to use SSR as a means to gain insight into the phase-specificity of tACS effects, the phase relation between the two methods needs to be considered. In our study, the systematic phase lag variation between both stimulation methods allowed for the investigation of net amplitude modulation over phase lag conditions individually for each subject. Post-hoc we can draw conclusions about the possibly optimal phase shift per participant. An alternative approach might be to first determine the individual SSR phase lag and to align tACS onset accordingly. Yet, assuming a possible tACS-induced subthreshold shift in membrane potential of flicker-activated neuronal populations, the optimal timing that boosts flicker responses does not necessarily correspond to in-phase sensory and electrical stimulation. Considering the limited knowledge on the physiological mechanisms of SSR, our experimental design allowed to uncover phase-specific effects of tACS on cortical activity without reliance on pre-assumptions about the optimal phase delay. Neural sites of tACS effects on flicker-driven oscillations were located within brain regions in the parieto-occipital cortex. These regions were part of the flicker-responsive areas as shown by the distribution of PLV during flicker stimulation without tACS. In a recent study by Chai et al. (43) , an increase in hemodynamic response to flicker stimulation by simultaneously started tACS at the flicker frequency or its first harmonic was localized primarily in bilateral cuneus and middle occipital gyrus. In line with our study, main stimulation effects were seen in regions that were driven by visual flicker and targeted by the tACS electric field, thus, providing evidence for a topographically specific modulation. More specifically, our data suggest a relation between the anatomical distribution of EEG-flicker PLV and the localization of main tACS effects. Distribution of PLV of EEG to flicker showed maximal values over middle and superior occipital gyrus, cluster regions that showed less pronounced modulation by tACS. Thus, tACS effects were especially prominent in visual areas that were not maximally driven by visual flicker. Furthermore, our results demonstrate that participants exposing strong EEG-flicker PLV showed less amplitude modulation by tACS. These findings can be interpreted in support of a brain state dependency of tACS effects. It has previously been demonstrated that under conditions of high endogenous alpha power, e.g. with eyes closed, tACS fails to induce significant power enhancement (33, 44, 45) . Similar effects might apply to our study. In participants and anatomical regions that exhibited strong EEG-flicker phase locking, alpha increase by visual flicker might have reached a maximum which constrained the modulatory effect of tACS due to ceiling effects. Power ceiling effects might not only apply to the tACS efficacy but also determine the degree of neural phase alignment to visual rhythmic stimulation. Interestingly, individual EEG-flicker PLV in the pre SSR blocks without tACS showed a small but significant negative correlation with resting state alpha amplitude (r = -.41, p = .04; Fig S2) , indicating that possible ceiling effects related to high alpha levels occurred already in the absence of tACS. Thus, the current brain state might have more general implications for the sensitivity of neural populations to external phase modulation. To further examine hypotheses on the state dependency of tACS effects, a systematic variation in LED luminance could be used to assess the within-subject relation of current brain state measured by EEG-flicker PLV and related evoked alpha amplitude with tACS effect size. Nevertheless, some limitations also apply to our study. First, a double-blind design was not performed as we tracked the quality of the EEG signal during the intermittent stimulation protocol. The debriefing at the end of the second session showed that all but two participants were able to discriminate between sham and active sessions. However, this should not restrict the interpretation of our results, as field strengths were equivalent between phase lag conditions during active tACS which entails comparable sensations. Second, we cannot exclude a possible interaction between transcranial and cutaneous stimulation effects that might contribute to the observed phase-dependent SSR modulation. Stimulation of peripheral nerves in the skin might induce rhythmic activation in the somatosensory cortex. Cutaneous stimulation effects have been shown to largely explain tACS effects on motor cortex, however, it is unclear whether this explanation can be generalized to stimulation effects beyond motor cortex (31) . In a recent study by our group, Schwab et al. (46) addressed this point by source analysis of neural effects induced by tACS over the parieto-occipital cortex. The topographical localization of tACS effects in areas where current density of the electric field was strongest, i.e. the parieto-occipital cortex, speaks against a sole cutaneous effect underlying tACS neuromodulation. In future studies it needs to be examined how transcranial and cutaneous stimulation effects might interact depending on stimulation site, e.g. tACS over motor cortex or distant sensory brain regions. Last, we did not investigate the functional relation between changes in SSR amplitude and behavior. Whether SSR amplitude modulation has consequences for flicker perception, e.g. flicker luminance, remains subject to future studies. In conclusion, we provide direct electrophysiological evidence for the efficacy of tACS to modulate cortical oscillatory activity in a phase-dependent manner. We found that the combination of tACS with sensory-evoked rhythmic brain activity leads to a phase-specific modulation of SSR amplitude. As the tACS mechanism of action is still unclear and its overall efficacy has recently been strongly debated, our findings emphasize the capability of tACS to influence oscillatory phase in the human brain. This opens promising opportunities for the application of tACS to expand knowledge on the functional role of brain oscillations and the relevance of phase-synchronous activity for neural communication. Thus, our results have important implications for the clinical use of tACS to restore disturbed oscillatory activity and connectivity in brain disorders.
Materials and Methods

Please see SI Materials and Methods for a detailed description of the experimental setup and analytic methods.
Participants. 24 healthy volunteers (mean age 25.1 ± 3.3 years; 16 female; 22 right-handed) were recruited from the University Medical Center Hamburg-Eppendorf, Germany. All participants reported normal or corrected-to-normal vision, no history of psychiatric or neurological disorders and were blind towards the tACS stimulation sequence. The experimental protocol was approved by the ethics committee of the Hamburg Medical Association and was conducted in accordance with the Declaration of Helsinki. All participants gave written informed consent before participation. Subjects were monetarily compensated and debriefed immediately after the experiment.
Experimental procedure. All subjects participated in two separate sessions in a randomized, counterbalanced order once under sham and active tACS. Participants were seated in a dimly lit, sound-attenuated EEG chamber at a distance of approximately 40 cm to a white light emitting diode (LED). Prior to the main tACS block, 3 min eyes-open resting state EEG was recorded while subjects fixated the white illuminated LED. Afterwards, EEG during an 8 min SSR block without tACS was recorded. Single flicker periods (50 in total) were presented for 5.5 sec followed by short breaks of 3-5 sec. The timing of flicker presentation was identical to the procedure used in the main tACS block. In the tACS block, EEG was recorded continuously during the intermittent tACS protocol. Each trial started with tACS only and was followed by flicker onset after 3-5 sec. The flicker continued until the end of the trial for 5.5 sec in total. tACS free intervals of 2.5 sec were used for EEG data analysis. Single tACS periods had a duration of 6-8 sec. Between successive tACS epochs, tACS phase was continuous by adjusting only the amplitude but not the phase of the sine wave spanning the whole testing session. To account for the varying phase lag between neural activity induced by sensory and electrical stimulation, the visual flicker started at six different phase angles (0°, 60°, 120°, 180°, 240° and 300°) relative to the tACS cycle. 50 trials were recorded for each of the six phase lag conditions (300 trials in total). The sequence of trials was randomized such that every phase lag condition was followed equally likely by all other conditions. Moreover, to avoid confounding time-ontask effects on alpha amplitude, trials belonging to different conditions were evenly distributed over the course of the testing session by iterate permutation. The tACS block was divided in two blocks interrupted by a 10 min break. After the tACS block, another SSR block without tACS and resting state EEG were recorded.
tACS. High-definition tACS was applied via five additional Ag/AgCl electrodes (12 mm diameter) mounted between EEG electrodes. The montage was connected to a battery-driven current source (DC-Stimulator Plus, NeuroConn). After preparation with Signa electrolyte gel (Parker Laboratories Inc), impedance of each outer electrode to the middle electrode was kept below 20 kΩ. Moreover, impedance of the outer electrodes was kept comparable to get an evenly distributed electric field (see SI Materials and Methods). A sinusoidal alternating current of 2 mA peak-to-peak was applied at 10 Hz using an intermittent stimulation protocol. During sham and active stimulation, the current was ramped in over 15 sec to 2 mA. After 90 sec of continuous stimulation, tACS periods of 6-8 sec without ramp were applied interrupted by short breaks of 2.5 sec for EEG recording. Total stimulation time during the active session was 40 min. For sham stimulation, the current was ramped in and out over 15 sec each. This procedure ensured that in both stimulation conditions, participants experienced initial itching sensation. All subjects confirmed that stimulation was acceptable and did not induce painful skin sensations. The most common side-effect was a tingling feeling on the scalp under the electrode. During the debriefing at the end of the final session, except for two subjects all participants correctly rated the sequence of active and sham stimulation. Further, we explored the experience of phosphenes during tACS in the beginning of each session. No participant reported perceived phosphenes. This finding is in line with our simulation of the tACS-induced electric field which greatly diminishes with increasing distance to stimulation electrodes.
Data acquisition and analysis. EEG data were recorded from 64 Ag/AgCl electrodes. Data were analyzed offline using Matlab (The MathWorks Inc.) and FieldTrip analysis toolbox (47) . For the tACS block, the first 0.1 sec after tACS offset were removed to avoid leakage of stimulation artifact. Response to sensory and electrical stimulation was assessed via phase locking value (PLV) between flicker waveform and EEG ([+1 to +5. 
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Task design. Due to a nonlinear relation between forward voltage and luminosity of the used LED, we assessed LED luminosity per duty cycle of the pulse-width modulation by a luminance meter (LS-100, Konica Minolta). The resulting function was multiplied with a pure 10 Hz sine to generate a 10 Hz luminance signal. The LED had a maximal light intensity of 100 cd/m 2 . To ensure that subjects fixate the LED and thus to enhance SSR detection, participants were instructed to detect oddball trials in which LED luminance changed after 3-4 sec. Subjects responded per button press as soon as they detected a luminance change. 16 oddball trials were included in the tACS block and two oddball trials in the pre and post SSR blocks, respectively. Subjects showed a mean detection accuracy of 97.66 ± 9.99 % (mean ± sd) during the tACS blocks and 97.92 ± 12.39 % during the pre and post SSR blocks.
Simulation of the electric field induced by tACS. Placement of tACS electrodes was chosen to target brain regions activated by visual stimulation. We aimed to achieve largest magnitudes of current density in the primary visual cortex to maximally interfere with early stages of cortical sensory processing. Quantitative field distributions "⃗ could directly be computed by linear superposition of lead fields "⃗ , weighted by the injected currents & at electrodes i = {1,2,3,4,5}: 
Data analysis
Data preprocessing. 64-channel EEG data were preprocessed and analyzed in Matlab (The MathWorks Inc.) using the analysis toolbox FieldTrip (2) . Circular statistics were calculated with the CircStat toolbox (3) . EEG recordings during the pre and post SSR blocks without tACS were segmented into epochs from [-1.5 to +6.5 sec] around flicker onset. For the tACS block, EEG was segmented into epochs from [+0.1 to +2.5 sec] after tACS offset. The first 0.1 sec after stimulation offset were rejected before filtering to avoid leakage of tACS artifacts. EEG data were bandpass filtered from 1 to 20 Hz using a Hamming-windowed sinc FIR filter. Oddball trials and trials during which participants erroneously responded via button press were excluded. To automatically screen for high noise level electrodes, channels whose standard deviation exceeded 3 times the median standard deviation of all channels were excluded. On average, 4.0 ± 1.9 channels were removed. Data were downsampled to 100 Hz. Afterwards, independent component analysis (ICA) was computed using the infomax ICA algorithm (4). Remaining eye-movement, cardiac and noise artifacts were removed based on visual inspection of the components' time course, spectrum and topography. For eye-blink artifact removal, Pearson linear correlation coefficient between EOG and ICA components was calculated and components showing correlation coefficients greater than .25 were rejected. On average, 20.1 ± 3.9 components were excluded. Finally, all trials were visually inspected and trials containing artifacts that had not been detected by previous steps were manually removed. On average, 49.19 ± 1.2 out of 50 trials remained for the pre and post SSR blocks and 296.9 ± 3.5 out of 300 trials remained for the tACS block per subject.
Source reconstruction. At the cortical source level, neural activity was estimated using exact low resolution brain electromagnetic tomography (eLORETA). Before source projection, data were bandpass filtered between 7-13 Hz with a 4 th order butterworth filter. The cortical grid was defined using the Automated Anatomical Labeling (AAL) atlas consisting of 38 regions after excluding subcortical and cerebellar structures (5) . Three-dimensional time series were estimated in a linearly spaced grid of 4077 cortical points with 7.5 mm distance in all three spatial directions using the boundary element method volume conduction model by Oostenveld et al. (1) . eLORETA was applied per trial with 5% regularization. To reduce spatial dimensions, the three resulting time series were projected to the direction of maximal power at each grid point.
Spectral analysis and SSR amplitude modulation indices. EEG spectral analysis was performed on sensor and source level. We expected to find tACS-induced modulations of SSR amplitude at electrode positions showing a clear response to visual flicker, i.e., where phase alignment to flicker stimulation is prominent. Therefore, we assessed the spatial distribution of phase locking of EEG to visual flicker in the pre SSR blocks without tACS for the sham and active tACS testing session. A Hilbert transform was computed on the flicker signal and EEG time series during flicker stimulation ([+1 to +5.5 sec] after flicker onset) for each trial at each electrode and voxel. The first 1 sec after flicker onset was removed to ensure the SSR has fully build up. To assess phase stability, the time-dependent differences in phase signals ( /0&1234 ( ) − 778 ( )) were computed and the extent of entrainment quantified by the phase locking value (PLV) over all trials. To correct for global alpha amplitude fluctuations over time independent of experimental manipulation, the SSR amplitude ASSR was computed as a relative amplitude value by subtracting the mean amplitude at neighboring frequencies (9 and 11 Hz) from the absolute amplitude A10Hz at the stimulation frequency.
To assess modulation of SSR amplitude dependent on the relative phase lag between tACS and flicker onset, we constructed histograms showing the variation in SSR amplitude over phase lag conditions. SSR amplitude was normalized by the sum of amplitude values over all six conditions. If there was no phase-specific amplitude modulation by concurrent tACS, histograms should be uniformly distributed. In case of phase-specific interactions, the SSR amplitude should be higher in a condition that shows an optimal phase lag for that subject. Assuming that the optimal phase lag between flicker and tACS onset leading to increased SSR amplitudes might vary between subjects, any preference in phase lag condition compared to sham can be considered as evidence for phase specific tACS entrainment. Amplitude modulation was quantified by three modulation measures. First, we calculated the KullbackLeibler divergence (DKL) which is a common premetric used in statistics to calculate the amount of difference between two distributions. The deviation of the observed amplitude distribution P from the uniform distribution U is defined as
where N is the number of phase bins (6) . Strict uniformly distributed amplitude values would be reflected in DKL = 0 whereas DKL increases the further away P gets from U. While DKL measures the overall deviation of amplitude values from uniform distribution, we additionally assessed whether the tACS-induced amplitude modulation over phase conditions follows a cyclic pattern, as hypothesized based on the sinusoidal nature of the tACS signal. Therefore, we calculated the phase locking value of amplitude values to phase condition. This cyclic amplitude phase locking (APL) index is defined as For further investigation of tACS effects, we analyzed the APL parameter resulting from the epoch immediately following tACS offset in source space. APL is the more specific, phasedependent modulation index relative to DKL and a more robust measure not requiring any presuppositions on parameter ranges as compared to sine fit. For source localization of APL effects, dependent samples t-tests were computed for each voxel. We performed cluster-based permutation tests to correct for multiple comparisons problem. Clusters were obtained by summing up t-values which were adjacent in space and below an alpha level of 5 % (two-sided). A permutation distribution was generated by randomly shuffling APL values between active and sham condition within subjects in each of 1000 iterations. The observed cluster was considered statistically significant when the sum of t-values exceeded 95 % of the permutation distribution. To further examine whether the strength of tACS effects quantified by APL is dependent on subjects' response to flicker stimulation, we assessed Pearson correlation coefficients between APL and EEG-flicker PLV for sham and active tACS condition. Moreover, we assessed the dependency of the increase in APL from sham to tACS on the change in mean SSR amplitude or the standard deviation of SSR amplitudes over all trials per subject by computing Pearson correlation coefficients. 
